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Abstract

The discrete aurora results when energized electrons bombard the Earth's atmosphere at

high latitudes. This paper examines the physical processes that can cause field-aligned

acceleration of plasma particles in the auroral region. A data and theoretical study has been

carried out to examine the acceleration mechanisms that operate in the auroral zone and to

identity the magnetospheric drivers of these acceleration mechanisms. The observations used in

the study were collected by the Fast Auroral SnapshoT (FAST) and Polar satellites when the two

satellites were in approximate magnetic conjunction in the auroral region. During these events

FAST was in the middle of the auroral zone and Polar was above the auroral zone in the near-

Earth plasma sheet. Polar data was used to determine the conditions in the magnetotail at the

time field-aligned acceleration was measured by FAST in the auroral zone. For each of the

magnetotail drivers identified in the data study, the physics of field-aligned acceleration in the

auroral region was examined using existing theoretical efforts and a long-system particle-in-cell

simulation to model the magnetically connected region between the two satellites. Results from

the study indicate that there are three main acceleration mechanisms operating in the auroral

zone: (1) quasi-static potential drops (parallel electric fields) that form in regions of field-aligned
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current, (2) relatively strongquasi-staticparallel potentialdrops formedby the inflow of high

energyplasmafrom themagnetotail,and (3) kinetic Alfvrn waveswith a parallelelectric field

componentthatpropagatesinto the auroralregion from the magnetotail. Theoccurrenceof the

drivers andparticularaccelerationcharacteristicsdependsmainly on magneticactivity. During

quiet times,field-alignedcurrentsaretheonly driverpresentandearthwardelectronacceleration

is relatively weak with no upwelling ions observed. During more active times, earthward

propagatingmagnetotailparticle beams and Alfvrn waves appearalong with field-aligned

currents,andin addition to more intenseburstyearthwardelectronacceleration,upwelling ion

beamsflowing tailward areobserved. The resultspresentedhere give supportto the overall

contentionthat while processesin the magnetotailleadto the discreteaurora,it is not a single

process,but severalprocessesactingat differentlocationsanddifferent times.



1. Introduction

The visual light display at high latitudes referred to as the aurora fascinates casual

observers and researchers alike. The natural question is what causes the aurora? We know that

energized electrons streaming along the Earth's ambient magnetic field and colliding with

atmospheric particles produce aurora. We do not know for certain, however, how these electrons

are accelerated to high energies primarily in the field-aligned direction toward the Earth, or what

the drivers of this acceleration are.

It has been known for some time that field-aligned accelerated precipitating electrons can

cause discrete aurora. Key evidence from rocket and satellite observations made above the

aurora show the presence o_"energetic, field-aligned electron distributions streaming earthward as

well as back-scattered secondary electrons. [McIlwain, 1960; Hoffman and Evans, 1968;

Hultqvist et al., 1971; Frank and Ackerson, 1971; Rees and Luckey, 1974; Evans, 1974;

Christensen et al., 1987]. It should be noted that discrete aurora and diffuse aurora are two

different phenomena. Diffuse aurora is also caused by electron precipitation, but it results from

the emptying of the loss cone of mirror bouncing plasma sheet electron distributions, which give

rise to a broader, less intense aurora. The refilling of the loss cone is believed to be caused by

wave-particle pitch angle diffusion at the magnetotail equator [Kennel and Petschek, 1966;

Kennel, 1969]. This paper only addresses the causes of the discrete aurora.

Although it is well established that energized, precipitating electrons create the discrete

aurora, no general consen_'_us exists regarding how these electrons achieve such energies and

become focused mainly in the field-aligned direction. There are two main acceleration processes

that are considered likely to occur in the auroral zone:
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(1) Quasi-static parallel potential drops (parallel electric fields) that can occur in regions of field-

aligned current near the Earth above the ionosphere where densities are relatively low and the

magnetic mirror force is relatively strong [e.g., Knight, 1973]. Quasi-static parallel potential

drops can also form when pitch angle anisotropies (a beam and/or temperature anisotropy) in

magnetotail plasma sheet distribution functions lead to differing mirror points of ions and

electrons and a resulting charge separation [Alfv_n and Fiilthammer, 1963; Persson, 1963].

Many models of a steady-state auroral electrostatic potential drop have been developed based

on one or the other of these basic premises [e.g., Lemaire and Seherer, 1974; Swift, 1975;

Kan, 1975; Whipple, 1977, Chiu and Cornwall, 1980].

(2) A parallel electric field component of a kinetic Alfv6n wave can develop near the Earth

because of finite electron inertia [e.g., Hasegawa, 1976; Mallinckrodt and Carlson, 1978;

Goertz and Boswell, 1979; Lysak, t985]. On electron time scales this parallel field can

appear quasi-static and due to resonance and other effects can cause field-aligned electron

acceleration [ Temerin et al., 1986; Kletzing, 1994; Thompson and Lysak, 1996].

Although the two auroral acceleration mechanisms, parallel potential drops and kinetic Alfv6n

waves, each involve a parallel electric field, they are fundamentally different in that the former is

primarily electrostatic and the latter is an electromagnetic wave. It has been suggested that for

small spatial scales electrostatic shocks might be a manifestation of an inertial Alfv6n wave,

however, on larger scales the two mechanisms appear to be unrelated [Lysak, 1998].

It is likely that auroral acceleration is ultimately due to processes occurring in the

magnetotail [e.g., Frank, 1985; Lyons et al., 1999]. The basic idea is that there is a transfer of

energy from earthward propagating currents, particles and waves that originate in the

magnetotail into field-aligned plasma particles in the auroral zone via a parallel potential drop



and/orkinetic Alfvrn waves. It is well establishedthat quasi-static (dc) parallel electric fields

(inverted V structures and parallel potential drops) occur in regions of field-aligned current

[Mozer et aL, 1977; Elphic et al., 1998], which map into the magnetotail where they presumably

originate as part of the global magnetospheric current system [e.g., Haerendel, 1990]. In

addition to the field-aligned currents, temperature anisotropies and beams have been observed at

high altitudes above the auroral region [Chiu et al., 1981; Frank et al., 1981] that could also

serve as drivers of quasi-static parallel electric fields in the aurora zone. The existence of a

magnetotail driver for kinetic Alfvrn wave auroral acceleration is supported by the recent

observations of intense Povnting flux detected in a region above, but magnetically connected to

the discrete auroral precipitation region. These observations clearly showed a field-aligned

earthward propagating Po_xlting flux in association with Alfvrn waves that had oscillating

magnetic and electric field components directed primarily perpendicular to the ambient magnetic

field [Wygant et al., 2000; Keiling et al., 2001].

In this paper, cause (rnagnetospheric driver) and effect (field-aligned auroral acceleration)

are examined using data collected by the Fast Auroral SnapshoT (FAST) and Polar satellites

when the two satellites were in approximate magnetic conjunction. In general, FAST moved

through the (northern) auroral zone between about 2000 to 4000 km altitude, while Polar passed

through the (northern) auroral region at much higher altitudes, between about 4 and 8 RE. Thus

when the two satellites we, re on approximately conjugate magnetic field lines in the northern

auroral zone, Polar could determine the conditions in the magnetotail near-Earth plasma sheet at

the same time that FAST was collecting data in the middle of the auroral acceleration region.

There were 28 such auroral conjugate passes in 1997 between May and September. Thus far 7

events have been examined in detail. The results from examining these conjugate events are
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presentedhere, along with a discussionof the physical processes that lead to field-aligned

auroral acceleration. This includes results from a simulation model of the region between the

two satellites carried out with a long-system PIC code [Schriver, 1999; 2002]. Simulation

boundary conditions at the high altitude end of the system were set (qualitatively) for one of the

events using measurements from the Polar satellite, and the simulation results were compared

with observational data.

The fortunate alignment and relative locations (in altitude) of the FAST and Polar satellites

allow a thorough analysis of magnetotail-aurora cause and effect. A similar type of study was

previously carried out for the auroral zone using the DE-1 and DE-2 satellites. In that case the

measurement of precipitating auroral electrons at low altitudes (with DE-2), along with

simultaneously observed upwelling ion beams at higher altitudes (with DE-I), indicated that a

quasi-static (at least on ion time scales) parallel potential drop existed between the two satellites

[Reiffet al., 1986; 1988]. No attempt was made in those studies to determine a magnetotail

driver of the parallel potential drop. In this study, in addition to the improved instrumentation,

Polar and FAST were at near-optimum locations to determine cause and effect since FAST

observed the middle of the auroral acceleration region at a few thousand kilometers altitude,

whereas Polar was well above the acceleration region in the near-Earth plasma sheet (> 4 RE).

By comparison DE-2 and DE-1 were at altitudes of 400 to 800 km and 9000 to 13000 km,

respectively.

Seven FAST/Polar conjugate events have been examined in detail thus far. All seven

events showed field-aligned electron precipitation in regions of field-aligned currents. Three of

the events that occurred during moderate magnetically active intervals indicated that, in addition

to a field-aligned current, a magnetotail Poynting flux driver (Alfvrn wave) was present. During



two eventswith thehighestmagneticactivity levelamagnetotailparticle flux driver (quasi-static

potential drop accelerator)wasalsopresent. Four eventsduring quiet times showedonly the

field-alignedcurrentdriver (quasi-staticpotentialdropaccelerator)at Polar. Not only couldeach

driver accelerateelectronsearthward,somewere correlatedwith tailward plasmaacceleration.

For example,tailward streamingelectronswere found in somecasesin which Alfvrn waves

were present or in the return (earthwarddirected) field-aligned current region. Tailward

streamingions,however,werefoundonly whenthemagnetotailparticle flux driver waspresent

or at certaintimesin regionsof a strongprimary (tailwarddirected)field-alignedcurrentregion.

During eventsin which a field-alignedcurrentwasthe only identifiabledriver, only earthward

acceleratedelectronswere detected(with relatively low energies)and therewere no tailward

streamingions. Most of theseresultsareconsistentwith thephysicsof thedriver involved. For

example,if low frequency(- 1 Hz) kinetic Alfvrn waves are presentin the auroral region,

electronswould seea quasi-staticparallelelectric field and could be accelerated,whereasions

would seea fluctuating field and would not be acceleratedin the field-aligned direction. A

particle flux driver or strongfield-alignedcurrent,on the otherhand,can leadto a quasi-static

parallel potential drop in the auroral zone that can accelerateelectronsearthwardand ions

tailward. Field-alignedcurrentscan leadto the formation of a quasi-staticpotential drop that

accelerateselectronsearthwardandalthoughions wouldbe expectedto be acceleratedtailward,

observationsdid not showthis to bethecasefor thefour quietevents. In thoseeventsthe field-

alignedcurrentwasrelativelyweak andit is possiblethat if thepotentialdrop is in the form of a

weakdoublelayer,theupwellingion beamswerenot created.

Theresultsof this studyarepresentedin the following structure.In section2, FAST/Polar

satellitedataconjunctioncriteria and event selectionarepresented,and section 3 discussesa



singleeventin detail. Section4 analyzesthe physicsof auroralaccelerationdiscussingcause

and effect relationshipsand simulation modeling. Section 5 summarizesall of the events

examinedsofar, andthepaperconcludesin section6.

2. Polar/FAST Conjugate Events

This study examined data from measurements taken when the FAST and Polar satellites

were in approximate magnetic conjunction. A list of magnetic conjunctions between FAST and

Polar can be found at f tp ://sierra. spa s c i. t ioi_s_l : l_tml,

which has been compiled by William Peterson. In that list, a magnetic conjunction was defined

to occur when the satellites were within 3 degrees in invariant latitude (ILT) and within 10

degrees in longitude. Magnetic field mapping between the two satellites was carried out using

the Tsyganenko field model [Tsyganenko, 1989], which near the earth uses an IGRF internal

magnetic field. Figure 1 shows an example of an auroral conjugate event that occurred on June 9,

1997. The figure presents the track of the FAST satellite in red, the Polar satellite in blue-white,

and the nominal auroral oval as green circles. These lines are projected onto the Earth looking

down on the North Pole, and conjunction occurred where the red and white lines cross at about

04:32 UT. A two-dimensional schematic with the relative locations of the FAST and Polar flight

paths near conjunction along with auroral latitude field lines is shown in figure 2. Note that this

event (June 9, 1997) is discussed in detail in section 3. For all of the conjunction events

examined here, the FAST satellite was located between about 2000 and 4000 kilometers altitude,

while Polar was at relatively higher latitudes between about 4 and 8 RE (1 RE _ 6371 km) in the

northern hemisphere. During the single southern hemisphere auroral conjugate event that was

found, FAST was located at about 400 km altitude and Polar at about 2.1 RE.



In 1997,FAST andPolarsatisfiedtheconditionsfor a magneticconjugateeventhundreds

of times. For example,duringtheperiodbetweenJuly20, 1997andSeptember8, 1997,thetwo

satellitessatisfiedtheconjugacycriteriaalmost120times. Only a selectnumberof theseevents,

however,occurredwhen the two satelliteswere in the closed-field line region of the auroral

zone,and whendatawasavailablefrom both satellites. Eventsthat werenot of interestto the

present study, and thus were not examined, included polar cap crossings, lower latitude

crossings,most southernhemispherecrossings,andeventsfor which datawasnot availablefor

bothsatellites.

For this study,anauroralaccelerationeventwasselectedwhenFAST particledatashowed

energeticfield-alignedelectronswith a net earthwardflow. A descriptionof the FAST mission

canbe found in Carlson et al. [1998a]. An example of such an auroral acceleration event from

July 20, 1997 is shown in figure 3. The top two panels of figure 3 show electron energy and

electron pitch angle, and a somewhat sporadic group of acceleration occurrences can be seen

between about 16:21 and 16:26 UT as bright red spots at 0 ° pitch angle (middle panel) with

energies between about 100 and 1000 eV (top panel). The direction of 0 ° pitch angle is field-

aligned toward the Earth, while 180 ° is field-aligned away from the Earth. The bottom panel

shows the magnetic field with the field-aligned component (b) in blue, the east-west component

(e) in green and the component transverse to these two components (o) in red. The overall

increase in the east-west component (green line) indicates the satellite is flying through a region

of field-aligned current with the initial negative depression corresponding to an upward, region 2

sense current on the dawn side followed by a region 1 current directed earthward. There are

sharp changes imbedded in the overall current structure that show localized smaller scale

reversals of the field-aligned current. For this event, magnetic conjugacy between FAST and
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Polaroccurredat about16:24UT. Eventswereusedfor this studyfor which FAST showedclear

evidenceof energeticelectronsstreamingearthwardduringnear-conjunctionsof FASTandPolar

asshownin figure 3.

Oncean auroral accelerationconjugateeventwas identified, additionaldata from FAST

was obtained(particle, wave and field data), and similar datawas obtained from Polar.The

Hydra instrumenton Polar [Scudderet al., 1995] provided particle data with energies below 32

keV. For higher energies (> 30 keV) particle data from the CEPPAD instrument [Blake et al.,

1995] was used. Electric field data [Harvey et al., 1995] and magnetic field data [Russell et al.,

1995] from Polar were also examined. Our main goal is use particle and field data from Polar to

determine what causes the earthward-directed field-aligned acceleration seen at FAST altitudes.

3. Event Case Study: June 9, 1997

This section presents a single event case study to demonstrate the type of analysis carried

out for the conjunction events. Data from an auroral conjunction event that occurred on June 9,

1997 at about 04:32 UT will be used for this case study. It should be noted that, while other

events similar to this one have been found, this event occurred near the peak of a moderate

magnetic storm event with Dst at a minimum of-84 nT (as determined by the WDC-C2 KYOTO

final Dst index service at: http://swdcdb, kugi :kyoto;-u .ac. j_/c]stdir/dstl/f J:z!a]:_: ht_ml ).

At 04:32 UT, FAST (orbit 3155) was located at about 2500 km altitude, 71 ° ILT and 20.3 MLT.

Polar (orbit 160) was located at 3.9 RE altitude, 71 ° ILT, and 19.8 MLT. The relative locations

of the two satellites for this event are shown in figures 1 and 2.

FAST data from this event is presented in figure 4 showing electron energy and pitch angle

in the top two panels and magnetic field in the bottom panel in the same format as figure 3.

Earthward directed field-aligned acceleration is indicated in the middle panel by the intermittent
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red bursts centered at 0 ° pitch angle from about 04:31:30 UT to just after 04:33 UT. The

energies of the field-aligned electron bursts are about 1 keV (- 1000 eV in the top panel). The

energy flux of the downgoing (precipitating) accelerated electrons ranges from about 1 to 10

ergs/cm2s. This measured energy flux is of the order of that previously reported to occur in

auroral arcs [Elphic et al., 1998; Stenbaek-Nielsen et al., 1998]. In particular, close to the

conjunction at about 04:32 UT, there is a field-aligned electron burst with energy of the order of

1 keV. Prior to about 04:31:30 UT, FAST is in the polar cap, which can be inferred from the

lack of high-energy electrons (> 100 eV). FAST then crosses into a region of field-aligned

current, as indicated by the overall increase in the east-west magnetic field component (green

line, bottom panel). Since FAST is on the dusk side, the increase in east-west field component

indicates a tailward-directed region 1 sense current, which is labeled as FAC- between the

middle and bottom panels. The east-west magnetic field decreases after about 04:32:30 UT

indicating that FAST is passing through the return field-aligned current region, which is directed

earthward along the terrestrial magnetic field direction and indicated by FAC+. There are

smaller scale current structures embedded onto the overall field-aligned current system (region 1

and return current) that in some cases correspond with the field-aligned electron bursts.

Comparison of the earthward streaming field-aligned bursts with the field-aligned currents

as determined from the magnetic field in figure 4 shows two interesting features that will be

important when looking at the magnetospheric drivers with Polar. One, as already noted, is that

in the upward directed re_ion 1 current (- 04:31:30 UT to - 04:32:30 UT), the field-aligned

electrons are not continuous in the larger-scale current structure, but instead are bursty. The

second is that energetic field-aligned earthward streaming electrons are observed even in the

return current region (after- 04:32:30 UT) where the field-aligned current is directed earthward.
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It shouldbenoted that the intermittent bursts of earthward accelerated electrons are a common

feature in the electron data and have been seen in other auroral conjunction events (e.g., figure

3).

The electron data shown in figure 4 clearly indicate that electrons have been accelerated

earthward in the field-aligned direction at some location above the satellite. An example of an

electron distribution function near conjunction (- 04:32 UT) is presented in figure 5, which

shows distribution contours plotted in the perpendicular direction (vertical) and parallel direction

(horizontal). Positive parallel velocities correspond to the earthward direction. The most obvious

feature is the elongation of the velocity contours in the parallel earthward direction,

corresponding to the peak at 0 ° pitch angle seen in figure 4. It is interesting to note that, even

though there is clearly a net electron flow in the earthward direction along the magnetic field,

there is no distinct beam present in the distribution. This is probably because the electrons are

preferentially accelerated in the field-aligned direction at some location above the satellite and

form a beam. This beam then excites plasma waves that smear the beam distribution via wave-

particle interactions. Electric field data at this time (not shown) indicates the presence of

electrostatic oscillations near the upper hybrid frequency, which would be consistent with a beam

driven instability. Although beam-generated waves in the auroral zone are themselves

interesting, they are beyond the scope of the present paper.

The goal of this study is to determine the field-aligned electron acceleration mechanism

and the corresponding magnetotail drivers associated with this acceleration. To this end we now

look at Polar data for this event, which was located above FAST along approximately the same

magnetic field lines at about 3.9 RE altitude. We start by looking at magnetic and electric field

data from Polar around the time of the conjunction. Figure 6 shows the magnetic field data
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observedduring the time interval between04:20and04:40UT on June9, 1997. The top panel

of figure 6 showsthreecoloredlines,which arethe B×(blue), By (red),and Bz(green)residual

magneticfield componentssubtractedfrom the 1996Tsyganenkofield model [Tsyganenkoand

Stern, 1996] in GSM coordinates. The bottom panel shows the Ez electric field component

normal to the spin plane, which corresponds approximately to the direction along z in GSE

coordinates. It can be seen in figure 6 that the field profiles are relatively smooth prior to about

04:23 UT. At 04:23 UT there are strong oscillations in the magnetic and electric fields followed

by a sharp decrease in the Bx field component (blue trace) until about 04:28:30 UT. After this

time a gradual overall increase in B× occurs. Note that after about 04:25 UT the electric field

(bottom panel) is relatively smooth just above 0 mV/m.

The magnetic and electric field data indicate that Polar is positioned in the polar cap region

at higher latitudes prior to 04:23 UT and then moves to lower latitudes crossing into a region of

field-aligned current after 04:23 UT. The decreasing B× indicates that the field-aligned current is

directed away from the Earth (indicated by FAC- at the top of figure 6), which is consistent with

a region 1 current system. After about 04:28:30 UT, Polar crosses through the return current

region where the field-aligned current is directed earthward, as seen by the gradual increase in B_

and indicated by FAC- at the top of figure 6. This field-aligned current system is consistent with

the field-aligned current system observed at low altitudes by the FAST satellite (figure 4). At

Polar the field aligned current density (/tl) is estimated to be about 0.8 }.tA/m 2 (assuming ABx - 60

nT and Ay = 50 km), whi_e at FAST Jll is between about l0 to 50 times greater than at Polar

(depending on the cross-field distance). This is consistent with a field-aligned current sheet that

increases approximately w_th the terrestrial magnetic field keeping jll/B approximately constant
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whenmappedfrom Polarto FAST.Also, qualitativelysimilar to theFAST observations,arethe

smallerscalemagneticfield structuresembeddedin theoverall field-alignedcurrentsystems.

Theotheroutstandingfeatureof themagneticandelectricfields in figure 6 (in additionto

the field-alignedcurrentsystems)arethestrongfluctuationsthatoccurbetweenabout04:23UT

and 04:25 UT. The fluctuationshave a period less than 1 minute and for an electric field

fluctuationamplitudeof fiE _ 20 mV/m, anda magneticfield fluctuationamplitudeof fib _ 15

nT, the fiE/fiB ratio is - 1300 km/s. This gives a phase speed comparable to the local Alfvfn

speed, which is about 1000 to 2000 km/s (using measured key parameter values at 04:24 UT of

10 cm -3 for the density, 425 nT for the total ambient magnetic field, and assuming a mixed

hydrogen-oxygen plasma). This implies that the fluctuations correspond to an Alfv6n wave, and

a calculation of the Poynting flux Sii (where Slj is proportional to bE x OB) shows the field

aligned component is propagating earthward with an energy flux value of 0.5 to 1 erg/cm2s.

Such observations are similar to Alfvfn waves previously seen by the Polar satellite in regions

above the auroral zone [Wygant et al., 2000; Keiling et al., 2001]. This earthward propagating

Poynting flux is amplified as it moves towards the Earth in proportion to the increasing magnetic

field [Wygant et al., 2000], and if mapped to the ionosphere would have an energy flux of the

order of 100 ergs/cm2s. The energy flux of these intense waves is quite significant and clearly

represents a possible driver of field-aligned auroral acceleration and resulting electron

precipitation. It should be noted, however, that for the event here the earthward propagating

Alfvfn waves are confined to the most poleward edge of the high-altitude auroral zone, and at

lower latitudes the electric field fluctuations are near zero (after about 04:25 UT).

We now look at particle data during the same time interval from the Polar satellite Hydra

instrument shown in figure 7. Electron data is given in the top two panels that show the electron
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energyandelectronskew.Theskewis thedifferencein countratebetweenthefield-alignedand

the anti-field-alignedparticlesnormalizedto one-sigmaerror.Thustheskewis ameasureof the

significanceof the differencebetweenthe 00-30° and 150°-180° pitch anglebins. The skew

diagramsarecolor-codedred for field-alignedearthwarddirectedflow andbluefor field-aligned

tailwarddirectedflow. Panelsthreeandfour (from the top) in figure 7 give theion energyand

skewin thesameformat asthe electrons.The electrons(top panel)arerelatively energetic(> 1

keV), which indicatesthe ,;atelliteis in the near-Earthplasmasheetor plasmasheetboundary

layer (PSBL). The PSBL is a transitionregionbetweenthe openfield-line, high latitudelobe

that maps to the polar cap and the plasma sheeton closed field lines that map from the

magnetotailto the auroral zone [Eastmanet al., 1984]. Particle data prior to 04:23 UT (not

shown) confirms the satellite was in the polar cap and then crossed into the PSBL after that time

(this can be seen in the magnetic field data in figure 6). The electron skew (second panel) is

quite variable during the interval, however there is some indication of upflowing electrons (UFE)

with energy of a few hundred eV moving in the tailward direction at about 04:34 UT to 04:35

UT corresponding to the re!urn current region. The distribution functions that correspond to this

upflowing electron event (not shown) are consistent with similar types of upflowing electrons

observed previously by Polar above the auroral region [Kletzing and Scudder, 1999].

The ions observed by Polar during this time interval (figure 7, panels three and four) show

two distinct populations with different energies. One of these ion populations can be seen at

about 1 keV in the ion skew plot (panel four) as dark blue patches from 04:26 UT to 04:28 UT

and again from about 04:31 UT to 04:34 UT. The skew (- 100) of this ion population is oriented

tailward and indicates an upwelling ion beam (ion distribution functions are shown in the next

figure) originating from below the satellite in the auroral region. Data from the Toroidal
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ImagingMass-AngleSpectrometer(TIMAS) instrumentonboardPolarshowsthatthis upwelling

populationconsistsprimarily of O+ ions, which is a clear indicator that this populationis of

ionosphericorigin. The secondion populationhasrelativelyhigherenergiesbetween- 3 keV

and- 32keV (upperenergylimit of the instrument),andcanbeseenmostclearly in panelthree

asgreenishregions from about04:32 UT to 04:40 UT. Theseions aremainly H+, and their

energies(> 1keV) areconsistentwith PSBLplasmaenergies[e.g.,Frank, 1985; Baumjohann et

al., 1989]. The skew of the higher energy H + population (yellow regions in panel four) shows an

earthward directed flow, indicating that it originates from the magnetotail.

The distinct nature of these two ion populations can be more clearly seen in figure 8, which

shows on the left an example of the lower energy upflowing O + ions at 04:32 UT and on the right

the higher energy earthward flowing H + ions at 04:35 UT. In these plots the horizontal axis is in

the field-aligned direction with positive towards the Earth and negative towards the magnetotail,

and the horizontal axis is transverse to the ambient magnetic field. The left panel clearly shows a

tailward drifting O ÷ beam with a tailward drift speed of about -100 km/s, (which corresponds to

a drift energy of about 1.7 keV). Upwelling ions are a somewhat common feature of the high

altitude auroral region [Shelley et aL, 1976; Ghielmetti et al., 1978; Gorney et al., 1981; Reiff et

al., 1988] and are an indication of a field-aligned acceleration process at a location below the

Polar satellite. The right panel shows a kidney-bean shaped ion (H +) population with a parallel

earthward drift speed of about 600 km/s (about 3.7 keV). Such a distribution function seen in the

right panel of figure 8 is typical of the type of earthward streaming field-aligned ion beam

distributions observed in the PSBL [DeCoster and Frank, 1979; Eastman et al., 1984; Takahashi

and Hones, 1988]. The field-aligned, high-energy earthward streaming ion beams are accelerated
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at somelocationdownthemagnetotailin a processpossiblyrelatedto tail reconnection or non-

adiabatic ion motion [Lyons and Speiser, 1982; Ashour-Abdalla et al., 1991].

The earthward streaming PSBL ion beams can act as a driver for auroral acceleration and it

has been shown that these beams can lead to the formation of a quasi-static parallel potential

drop in the auroral zone [e.g., Serizawa and Sato, 1984; Schriver, 1999]. The PSBL ion

distribution function shown in figure 8 at 04:35 UT has a streaming energy of about 3.7 keV, but

some PSBL beams during this interval have much higher energies that are above the Hydra

instrument cutoff of- 32 keV. To examine the higher energy ions we analyzed data from the

CEPPAD instrument, which has ion energy channels from 15 keV up to 1500 keV. Figure 9

shows ion count rate versus pitch angle from the CEPPAD 35.4 keV energy channel at about

04:32 UT. In figure 9 the pitch angle peaks close to 0 °, which corresponds to an earthward

directed flow. This feature is seen in other energy channels, and an analysis of five different

energy channels (15.6 keV up to 65.2 keV) indicates that there is an earthward flowing ion

distribution with a peak energy between about 35 and 45 keV. As already discussed, ion beams

streaming earthward are a commonly observed feature of the PSBL [Hones et al., 1972; Frank et

al., 1976; Lui et al., 1983; Eastman et al., 1984; Takahashi and Hones, 1988], and ion beam

streaming energies up to 60 keV have been detected at the most lobeward edge of the PSBL

[Mrbius et al., 1980; Schriver et al., 1990].

We now estimate the energy flux carried by the earthward directed PSBL ion beams for the

two different cases shown in figures 8 and 9. For the ion beam at 04:32 UT, an energy flux of

about 0.5 to 5 ergs/cm2s is estimated for a beam drift energy of 40 keV with beam density

between 0.04 to 0.4 cm 3. For the ion beam at 04:35 UT the energy flux is about 0.01 to 0.1

ergs/cm2s for a beam drift energy of 3.7 keV and density between 0.035 to 0.35 cm -3. The
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biggestuncertaintyin thesecalculationsis the beam density. For example, for the PSBL beam at

04:35 UT, key parameter data from Hydra shows an electron density of the order of 0.6-0.7 cm -3.

TIMAS key parameter data shows that the low energy O + density is about 0.3-0.4 cm -3 and the

higher energy H ÷ density is about 0.30-0.35 cm 3. The question to consider is how much of this

H + density goes into making up the beam. We estimate the beam density for the energy flux

calculation to range from one-tenth of the H + density (0.035 cm -3) to the entire H + population

(0.35 cm-3). Making a similar calculation for the ion beam distribution at 04:32 UT, the electron

density is somewhat higher - 1.0 cm -3, while TIMAS (with an upper energy cutoff of- 32 keV)

gives an O + density of about 0.6 cm -3. Thus, assuming a PSBL H + beam with density of one-

tenth up to the total H + density, the beam density is somewhere between 0.04 to 0.4 cm °3.

To get an indication of the auroral activity occurring at the Earth during this event, we now

show data from the Ultraviolet Imager (UVI) instrument onboard Polar [Torr et al., 1995]. A

plot with a view looking down onto the North Pole region of the Earth is shown in figure 10 at a

time near conjunction (04:32 UT). The X in figure 10 shows the approximate location on the

Earth to which the FAST/Polar locations would magnetically map on the dusk side at about 71 °

latitude. Enhanced auroral emissions are evident around this location, indicating enhanced

electron precipitation at this time. The energy flux associated with these auroral emissions can

be estimated from figure 10 by dividing the scale, which shows photons/cmZs, by 4 [Wygant et

al., 2000]. With this estimate we can determine that the region with enhanced auroral emissions

around conjunction has an energy flux that ranges from about 5 to 15 ergs/cm2s. It is interesting

to note that there is another auroral enhancement at lower latitudes between about 60 ° and 65 ° .

We now summarize the data from both the FAST and Polar satellites for the conjunction

event on June 9, 1997 around 04:32 UT:
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• A seriesofbursty earthwardstreamingfield-aligneddirectedelectronswith energies- 1keV

weredetectedat about2500km from about71° to 68° with anenergyflux of about 1 to 10

ergs/cm2s.

• A strong region-onetype field-alignedcurrentwas presentfrom the polewardedgeof the

auroralregionextendingequatorwardin latitude. The field-alignedcurrentwasobservedat

both low (2500km) andhigh(3.9 RE)altitudes. Thefield-alignedcurrentwasdirectedaway

from theEarthandsharp,small-scalevariationswereobservedembeddedin theoverall field-

alignedcurrent structure. At lower latitudestowardsthe equatora weakerreturn current

(field-alignedpointingearthward)wasobserved.

• An upwelling O÷ field-alignedbeamof ionosphericorigin with an energyof- 1 keV was

observedstreamingaway from the Earth at about 3.9 REaltitude. Two instancesof the

upwelling O+beamswere observed:oneat about71° latitudein the primary currentregion

andanotherat about70" latitudein thereturncurrentregion.

• High-energy(- 4 keV up to 40 keV) field-aligned H÷ beamsof magnetotailorigin were

observedstreamingearthwardat an altitudeof 3.9 REbetweenabout 70° and 71° latitude.

The energyflux of thesebeamswasestimatedto beabout0.5to 5 erg/cm2s.

• A relativelyweak(- 400 eV) upwellingtailward directedelectronbeamwasobservedat 3.9

RE in the return current region.

• At the poleward edge (-, 71.5 ° latitude) of the high altitude (3.9 RE) auroral region a Poynting

flux due to fluctuating magnetic and electric fields (Alfvrn wave) was observed propagating

earthward with an energy flux of about 0.5 to 1 erg/cm2s.
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• Strong auroral emissionswere observed in the Earth's ionosphere at locations that

magnetically mapped to the FAST/Polar locations of the satellites as they passed through the

auroral region.

The observations for this event allow some basic conclusions to be drawn. A field-aligned

acceleration mechanism was operating at altitudes between FAST (2500 km) and Polar (3.9 RE).

This mechanism accelerated electrons earthward and O + ions tailward with both species having

about the same streaming energy (- 1 keV) on coincident field lines. A tailward streaming

electron component was also present, although this accelerated electron population occurred at

somewhat lower latitudes and with lower energies than the other field-aligned populations. Three

possible magnetospheric drivers have been detected at high altitudes: (1) field-aligned currents,

(2) earthward streaming PSBL ion beams, and (3) earthward propagating Alfv6n waves. We

now consider the physics of each of these magnetotail drivers.

4. Physics of Field-Aligned Auroral Acceleration

The magnetospheric drivers of auroral acceleration discussed in the previous section can

lead to field-aligned energization of electrons and ions. To show how they relate to the

conjunction event discussed in the previous section and for the event survey in the next section,

we now discuss the physics of each mechanism.

4.1 Field-Aligned Current/Quasi-Static Potential Drops

It is well known on a global level that field-aligned currents form between regions of the

magnetotail or magnetopause and the Earth's ionosphere at high latitudes [e.g., Iijima and

Potemra, 1976]. The field-aligned currents originate in the magnetotail convection current sheet

or the magnetopause flanks, possibly as a result of flow vortices or some other mechanism

[Vasyliunas, 1983], flow along magnetic field lines into the Earth's ionosphere, move across the
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polarcapandthen return to themagnetotail. Although thepreciselocationsandpatternof this

global current structurearestill beingexamined,thereis conclusiveevidencethat field-aligned

currents flow between the magnetosphereand the ionosphere,and that these field-aligned

currentsareusually locatedat high latitudesin coincidencewith the auroralregion. The event

study in the previoussectionprovidesan exampleof such field-alignedcurrentsin the auroral

zone.

Near the Earth, where the magnetic mirror force is strong and the plasma is warm and

tenuous, it is expected that a quasi-static potential drop could form according a particular

current-voltage relationship [Knight, 1973]. For typical plasma populations in the cold, dense

ionosphere and the hot, less dense plasma sheet, potential drops of several kilovolts are possible.

It should be noted, however, that the Knight [1973] current-voltage relationship does not indicate

where the potential drop should form or its extent along the terrestrial magnetic field in the

auroral region. Nevertheless, to maintain current flow between the plasma sheet and the

ionosphere, strong localized potential drops probably form in the primary current region of the

auroral zone [e.g., Ergun e_ al., 2000] and cause field-aligned electron acceleration towards the

Earth and upwelling ion beams away from the Earth.

In the event study of the previous section a field-aligned current density of the order of 8 to

40 gA/m 2 was observed at FAST, which was located at about 2500 km altitude. Since the

earthward streaming field-aligned electrons were also observed at FAST, this implies that the

potential drop was located above the satellite. The potential drop (A_b) can be estimated using the

Knight [1973] relationship as follows:

Jll_-2n'mkT

qZn
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where m is the electron mass, n is the electron density, and T is the electron temperature. At

FAST the electron density is about 100 cm -3 and the temperature is about 500 eV. Since the

potential drop forms above the satellite and the density is known to decrease with altitude [e.g.,

Kletzing and Torbert, 1994], we use n - 10 cm 3, T- 500 eV, andjl I- 10 uA/m 2, which give a

potential drop of A_ - 850 V. This is of the order of the energy of the earthward accelerated

streaming electrons observed at FAST and the tailward streaming O + observed at Polar.

The field-aligned potential drop that forms due to a field-aligned current is essentially a

double layer, which is defined as consisting of two equal but opposite space charge layers with a

potential that varies monotonically through the layer [Block, 1972; 1978]. Double layers can

form in a current driven plasma at the site of a density depression [Carlqvist, 1972], and are

subject to a minimum current (Bohm) condition [Goertz and Joyce, 1975; Block, 1978].

According to this criterion, for a strong, well-defined double layer to form the net electron drift

speed must be of the order of the electron thermal speed. The data suggest that this is the case

for the event study of June 9, 1997, although it is difficult to verify since the satellite does not

pass through the region where the potential drop forms, but below this region. In events during

less active times that have been examined (to be discussed in section 5), a field-aligned current is

present, although it is not nearly as strong as that found in the event study of the previous

section. In those cases it would be expected that a weak double layer forms [e.g., Eriksson and

BostrOm, 1993; Koskinen and Mgilkki, 1993] resulting in a weaker, less well defined potential

drop that accelerate electrons, but not ions.

Although the field-aligned current for the event study of the previous section is very likely

to be a driver of field-aligned acceleration in the auroral region, there are at least two indications

that it is not the only driver that is present. The first indication from FAST (figure 4) is the
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presenceof anenergizedearthwardstreamingelectronpopulationat themost polewardedgeof

the auroral region before the satellite passesthrough the primary current region. Another

indication is that FAST observedearthwardstreamingelectronsafter it passedinto the return

currentregionat lower latitudes. At thesametime PolardatashowsO+ions streamingtailward

in thereturncurrentregion (figure 7). In thereturncurrentregion it wouldbeexpectedthat the

field-alignedpotentialshouldreverseitself andaccelerateelectronstailward andions earthward

[Carlson et al., 1998b], which does not seem to be the case in the event study. We now consider

other magnetotail drivers that can account for these observations.

4.2 PSBL Beams/Quasi-Static Potential Drops

In the June 9, 1997 event study discussed in section 3, Polar observed high-energy

earthward streaming ion beams in the PSBL that originate from the magnetotail. Such beams

have been proposed as causing electrostatic shocks and parallel potential drops in the auroral

zone that ultimately accelerate auroral particles [Kan, 1975; Kan and Akasofu, 1976; Lui et al.,

1977; Frank et al., 1981; Lyons and Evans, 1984]. The basic mechanism involved is the

earthward streaming ion beams flowing towards the Earth represent an energy anisotropy and

this anisotropy causes the plasma sheet ions and electrons mirror at different altitudes [Alfv_n

and Fiilthammer, 1963; Persson, 1963; Whipple, 1977]. For the case of an ion beam streaming

from the magnetotail towards the Earth, the ions mirror at an altitude lower than the electrons,

setting up a potential drop oriented such that a tailward-directed parallel electric field forms. This

parallel electric field then accelerates electrons earthward and ions tailward. For typical PSBL

ion beam energies the potential drop that results in the auroral zone can be estimated using the

following formula [Serizawa and Sato, 1984]:

Wil I
qA_b

I+T /Te
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where W,.IIrepresents the ion beam kinetic energy, T,. is the ion temperature and T_ is the electron

temperature. In the event study two PSBL beams were discussed in figure 8 and figure 9. The

ion beam kinetic energy was about 3.7 keV in one case and about 40 keV in the other case.

Using an estimated ion to electron temperature ratio of T,'/Te - 5 [e.g., Frank, 1985] gives a

potential drop of Aq_ - 620 V and A_ - 5 kV, respectively for the two different beam energies.

Numerical simulations showed that this value can be reduced up to 10% by wave-particle

interactions [Schriver, 1999]. These values for the potential drop that would form in the auroral

zone due the PSBL beam driver are consistent with the 1 kV value inferred from the precipitating

electrons and upwelling ions observed by FAST and Polar.

Numerical simulations have been used to examine the structure of the potential drop that

forms in this situation for the case of the more energetic PSBL ion beam (40 keV). The

electrostatic particle-in-cell (PIC) code includes the magnetic mirror force, cold ionospheric

plasma, and warm plasma that can be injected from the magnetotail plasma sheet [Schriver,

1999]. The simulation system is one-dimensional and aligned along the ambient magnetic field.

Using a variable grid scheme with about 93000 grids, a system length of about 20000 km is

achieved. The low altitude end of the simulation system is set at 1000 km, and a cold

ionospheric plasma is loaded in hydrostatic equilibrium. At the high altitude end of the system

(- 21000 km altitude) a population of relatively warm tenuous plasma from the magnetotail is

included with an ion beam injected towards the Earth from the magnetotail. As discussed in

section 3, the beam density relative to the background density is difficult to determine, and for

the run here the densities are taken to be equal (nbeam = nbackground). Figure 11 shows ion phase

space at the beginning of the simulation run on the left and at the end of the simulation run at

eopet = 225000 on the right. The panels show velocity (normalized to the warm plasma electron
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thermalspeed)versusaltitudein thesimulationsystemwith red representinghigherphasespace

densityandblue lower phasespacedensity. In eachpanel,sincethe horizontalaxis is altitude,

theEarth is to the left andthe magnetotailplasmasheetto the right. Theblack curveshowsthe

electricpotentialacrossthe systemin kV. As in previoussimulationruns [e.g. Schriver, 1999],

the PSBL ions and electrons are started with the same earthward drift such that initially there is

no net current in the plasma. As the ions and electrons move earthward, both are affected by the

mirror force, however, the streaming ions can penetrate to lower altitudes than the electrons

thereby setting up a potential drop of about 2.5 kV across the system above about 6000 km

altitude (right panel of figure 11). There is a slight potential increase (- 0.5 kV) that occurs

below about 6000 km, which is a transient effect that moves across the system with the beam as

it moves closer to the Earth. This transient effect diminishes as the beam reaches its mirror

point. Previous simulations with a shorter system also produced this transient potential increase

which eventually vanished [Schriver, 1999]. Once the main potential drop above 6000 km forms

it remains relatively static over the course of the run (several seconds in real time for this run) as

long as the beam is continuously injected. If the beam driver is no longer injected into the

system, the potential drop relaxes and eventually vanishes as the magnetotail ions and electrons

converge to the same min-or point by the potential [Schriver, 1999]. The magnitude of the

potential drop in the simulation is about half that estimated from the analytical formula above

and is reduced by wave-particle interactions and thermal dissipation [Schriver, 1999].

The quasi-static potential drop that forms due to the anisotropy mirror mechanism

corresponds to an electric field pointing away from the Earth, which can accelerate electrons

towards the Earth and ions away from the Earth. Examples of accelerated distributions in the

simulation are shown in figure 12, with electrons at low altitude on the left and ionospheric ions
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at higheraltitudeson theright. Theleft panelin figure 12showsthat for low altitudeelectronsa

high-energytail forms on the distribution function in the earthwarddirection (extensionin

negativevelocity comparedto the initial distributionfunction). The(ionospheric)ions athigher

altitudesshownon the right panelof figure 12havealsobeenacceleratedto form a beam-like

distribution comparedto the initial distribution function. Wave-particleinteractionshave

modified both distribution functions. Any beam-likefeaturesof the electrondistribution have

beensmearedby electronplasmaoscillations,while a lower frequencyion-ion acoustictype

wavehasthermalizedtheions somewhatgiving thedistributiona spreadtowardsmorenegative

velocities [Bergmann and Lotko, 1986; Dusenbery and Martin, 1987]. The accelerated

distributions formed in the simulation are in qualitative agreement with the precipitating electron

distribution observed by FAST at lower altitudes (figure 5) and the upgoing ion distribution

observed at Polar at high altitudes (left panel of figure 8).

4.3 Poynting Flux/Kinetic Alfv_n Waves

The third magnetotail driver of auroral acceleration we consider is Poynting flux

propagating towards the Earth [Wygant et al., 2000; Keiling et al., 2001]. This Poynting flux is

in the form of Alfv6n waves generated at some location down the magnetotail (at least tailward

of the Polar satellite) which propagate essentially along field lines in the earthward direction.

How these magnetospheric Alfv6n waves are generated in the first place is an interesting and

unresolved problem in its own right, but is beyond the scope of this paper. The general

mechanism is that as these magnetospheric Alfv6n waves get closer to the Earth finite electron

inertia effects can cause a parallel electric field component to develop that ultimately causes

field-aligned electron acceleration in the auroral zone [Hasegawa, 1976; Mallinckrodt and

Carlson, 1978; Goertz and Boswell, 1979]. Various models describing the properties of kinetic
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Alfvrn waveshavebeendevelopedfor conditionsfound in the near-Earthauroralregion [e.g.,

Lysak, 1990, 1991].

Particles can be acce]erated by kinetic Alfvrn waves because they have a relatively low

frequency (< 1 Hz), and on electron time scales the parallel electric field appears to be quasi-

static. Numerical models based on this basic premise have shown that electron acceleration can

occur in the presence of kinetic Alfvrn waves [Temerin et al., 1986; Kletzing, 1994; Thompson

and Lysak, 1996]. These models indicate that in order for these waves to induce electron

acceleration, their scale transverse to the geomagnetic field must be comparable to the electron

skin depth. Thus the kinetic Alfvrn waves have very long wavelengths (of the order of several

thousand kilometers) in the field-aligned direction and relatively short wavelengths in the

perpendicular direction (< 10 km). For such a situation, Temerin et al. [1986] found that test

electrons could be accelerated up to energies of several keV for Alfvrn waves with an amplitude

of about 10 mV/m. Thompson and Lysak [1996], also using a test particle approach, found that

for an Alfvrn wave with an amplitude of 0.6 mV/m (potential of 3 kV) and a static parallel

potential drop of 6 kV, electrons could be accelerated to energies of several keV due to Landau

resonance and the static potential drop.

From the Polar observations the amplitude of the transverse component of the fluctuating

electric field is estimated t(_ be about 20 mV/m (see figure 7). The parallel component would

then be about 100 times less than this [Temerin et al., 1986] or about 0.2 mV/m. From the Polar

satellite trajectory it is eslimated that the satellite moves about 500 km in the field-aligned

direction. Based on these very rough estimates, the parallel potential drop due to the kinetic

Alfvrn waves at the location of Polar would be about 100 V. The parallel electric field

component, however, probably increases closer to the Earth due to field convergence and thus a
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largerparallelpotential drop could be presentin the auroralzonebelow Polar. As shownby

Thompson and Lysak [ 1996], if kinetic Alfv6n waves are present along with a static potential

drop formed either by field-aligned currents or the PSBL beams as discussed in the previous

sections, electrons could easily be accelerated to the keV energies observed by the FAST

satellite.

The previous studies of the effects of kinetic Alfv6n waves in the auroral zone have been

for electrons. How kinetic Alfv6n waves might affect ions is not clear. For an electron, a wave

with a frequency of 1 Hz would appear as a quasi-static wave and acceleration might occur due

to the parallel electric field component. Thus for a kinetic Alfv6n wave with properties that vary

with altitude, coherent acceleration is possible. For the more massive ions, however, such a

wave would appear to be fluctuating and very little acceleration would probably occur. Unless

the frequency is much lower (<< 1 Hz), it is difficult to see how a kinetic Alfv6n wave with

properties discussed above would lead to coherent ion acceleration. This is important since

upwelling ions are common in the auroral zone and were discussed in the event study of the

previous section. Thus although precipitating electrons could be accelerated by kinetic Alfv6n

waves, tailward streaming ion beams are probably caused by a parallel potential drop driven

either by field-aligned currents or the PSBL beam already discussed.

5. Conjunction Event Survey

We now consider all of the conjunction events we have examined so far in terms of

magnetotail drivers. The results are summarized in Table 1. These events include the cases in

which all of the relevant particle and field data from both satellites (FAST and Polar) have been

examined. The results in Table 1 are broken down by event in the first column, field-aligned

acceleration in the next three columns, and the presence of the possible magnetotail drivers in the
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last three columns. The field-aligned accelerationcolumns provide the earthwardelectron

streamingenergy(at lower altitudesfrom FAST), upflowing ion beam(UFIB) streamingenergy

(if present),andupflowing electron(UFE) streamingenergy(if present),bothat higheraltitudes

from Polar. Themagnetotaildrivercolumnsindicatethepresenceof Alfvrn waves,a PSBLion

beam (earthwardflow), and a field-alignedcurrent (FAC), all as detectedby Polar at high

altitudes.

A total of sevenevenlshavebeenanalyzed,asshownin Table 1. In all cases,the electron

precipitationoccurredin regionsof field-alignedcurrent(secondandlastcolumns). Two events

hadbothupflowingionsandelectrons(June9 andAugust3). TheJune9 eventwasdiscussedin

section3. In both casesthe electronprecipitationenergywasrelativelyhigh andbothPoynting

flux andPSBL (ion) beamdriverswerepresent. Onecase(July 20) hadAlfvrn waves,but no

PSBL beam. Four caseshad relatively weak electronprecipitation and the only discernable

driver was a field-alignedcurrent. In all of the cases,FAST observedsmall-scalestructures

embeddedin the larger scale field-aligned current sheetsand the field-aligned energized

electronswereusuallybursly,similar to theeventsshownin figures3 and4. Also, similar to the

eventsdiscussedin figures3 and4, correspondencebetweenthe fine-scalecurrentstructuresand

theelectronburstsoccurredsomeof thetime,butnot always.

Although more evemsneedto be examined,somegeneralpatternsappearin the results

shownin Table 1thatarec,:_nsistentwith thephysicsof auroraldriversdiscussedin theprevious

section.WhentheAlfvrn wavesandfield-alignedcurrentswerepresentwithout thePSBLbeam

there is no upflowing ion beam although there were indications of upwelling field-aligned

electrons.This is consistentwith akinetic Alfv6n wavethatcanaccelerateelectronsin the field-

aligneddirection, but cartr_otaccelerateions. Also, the parallel potential drop formedby the
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field-alignedcurrentapparentlywasnot strongenoughor quasi-static on ion time scales and thus

also did not accelerate ions tailward. On the other hand, upflowing ion beams were present when

a PSBL ion beam driver was also present, which is consistent with the formation of a large-scale

potential drop that could accelerate ions away from the Earth. Cases in which only the field-

aligned current was present (no Alfv6n waves or PSBL beams) suggest that a weak double layer

existed in the auroral zone that could accelerate electrons earthward but did not have a strong

effect on the ions (forming upwelling distributions).

It is interesting to note that the events with energetic precipitation along with both

outflowing ions and electrons (June 9 and August 3) occurred during times of increased magnetic

activity. The June 9 case (as already mentioned) occurred very close to the peak of a magnetic

storm (Dst = -84 nT), while the August 3 case occurred at the beginning (Dst = -40 nT) of a

storm that peaked about 2 to 3 hours later. The July 20 event (Alfv6n waves and field-aligned

currents) occurred during moderate activity (Dst = -18), although a substorm may have been

active at that time. All of the other events in Table 1 were during relatively quiet times.

6. Conclusions

FAST/Polar conjunction events were used in a study to identify drivers of field-aligned

auroral acceleration. The physics of the possible magnetotail drivers and auroral accelerators has

been considered to help understand and interpret the satellite data. A total of 7 events have been

examined in detail for which FAST observed field-aligned electrons streaming earthward and

Polar was in near-conjunction high above the FAST satellite location. From the events examined

thus far it appears that three magnetotail drivers were present that led to auroral acceleration.

Based on the various combinations of accelerated distributions observed during different activity

levels, the three driver/accelerators are listed below along with their characteristics:
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(1) Field-Aligned Current/Quasi-staticPotentialDrop - during quiet timesresults in earthward

electronacceleration,but no tailward ion acceleration. Upwelling electronsareassociated

with theretumcurrentregion.

(2) PSBL Beam/Quasi-staticPotential Drop - during active times can accelerateelectrons

earthwardandionstailward.

(3) PoyntingFlux/Kinetic Alfv6n Waves- duringactive timescanaccelerateelectronstowards

the Earth. Doesnot correlatewith tailward ion flow, but might be associatedwith tailward

streamingelectrons.

Thesethreedriver/acceleratorscanoccurall at the sametime or separately,with their presence

dependingmainly on magneticactivity level. The field-alignedcurrent was always present,

however,during more active times the Alfv6n wavesand PSBL beamwere also present,and

during one moderatelyaclive event only the Alfv6n waveswas detected(no PSBL beam).

During quiettimesonly thefield-alignedcurrentwaspresent.Sinceonly seveneventshavebeen

examinedthus far, theseresultsmust be consideredas preliminary. A simulation studythat

includesfield-alignedcurrentsandkinetic Alfv6n wavesis presentlyunderwayto examinethe

effects or thesedrivers on both electronsand ions for various conditions. Also additional

conjunctioneventsarebeingexamined.

Despite the prelimir_arynature of the findings thus far, the results follow a pattern

consistentwith the physicsof the different magnetotaildrivers. For example,when kinetic

Alfv6n waves were present,electronswere acceleratedearthwardas expectedfor a slowly

varying(on electrontime scales)parallelelectric field. The formationof upwelling ion beams,

however, requiresthe pre:_enceof a strongquasi-staticparallel electric field, which can be

supportedby strongfield-alignedcurrentsor a PSBLbeam. This is consistentwith observations
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that indicatethepresenceof upwellingionswhenthefield-alignedcurrentis strongand/orwhen

a PSBLbeamis present. WhenneithertheAlfvrn wavedriver nor thePSBLbeamdriver were

present,the field-alignedcurrent,which wasrelativelyweakin thosecases,resultedin relatively

low energyelectronprecipitationand no upwelling beampopulations.It is interestingto note

thattheseacceleratorstakeneithertogetheror separatelycanaccountfor all of the formsof field-

alignedelectronandion accelerationfoundin theprimarycurrentregionin thisstudy.

Oneof the featuresfound in the electronsobservedby FAST is the burstynatureof the

field-alignedacceleration(in latitude),alongwith small-scalestructuresin thecurrentembedded

in theoverall large-scalefield-alignedcurrentsheets.This canbeseenin both figures 3 and4

andwasfoundin all of theseveneventsdiscussedin Table 1. A closelook atthe electronpeaks

at0° pitch angle(paneltwo of figures3 and4) andthe finescalestructuresin themagneticfield

(bottompanelof figures3 and4) showthat thereis correspondencesomeof thetime, but notall

of thetime. It isnot clearwhat causesthestructurein electronaccelerationor themagneticfield.

Onepossibility is that densityperturbationsin the auroralzone(aboveFAST) that leadto the

formationof strongpotentialdropsin the overall field-alignedcurrent sheetarestructuredand

this leadsto thestructuredelectronacceleration.Anotherpossibility is that thefluctuatingnature

of the kinetic Alfv6n wavesleadsto the structuredelectronaccelerationakin to the flickering

auroradiscussedby Temerin et al. [1986]. It is also possible that the Alfvrn waves and/or PSBL

ion beams are structured in latitude from their magnetospheric source region downtail. We are in

the process of examining the origin of these structures by looking more closely at the satellite

data and by using new large-scale multi-dimensional auroral simulations.

The findings here correspond mainly to the primary current region (field-aligned current

directed away from the Earth) where accelerated electrons have been observed to stream towards
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theEarth.The studyhasnot consideredin detail the returncurrentregion (field-alignedcurrent

directedtowardstheEarth),in which it is expectedthateverythingshouldessentiallybe reversed

suchthat the quasi-statice_ectricfield points towardsthe Earth, and field-alignedions stream

earthwardandelectronsstreamtailward [Marklund et al., 1994; 1997; Carlson et al., 1998b]. In

the return current region tile dynamics are quite different from those of the primary current

region since the drivers may originate from the ionosphere (rather than the magnetosphere). In

the return current region, current-driven double layers in a cold ionospheric plasma might play a

prominent role in the acceleration process [Newman et al., 2001], or wave-particle interactions,

along with the mirror force, could be important [Jasperse and Grossbard, 2000].

Although we have identified three primary drivers of field-aligned electron acceleration in

the primary current region, it remains to be determined how and where the magnetotail drivers

originate. Both the Poynting flux and the PSBL beams, since they tend to occur in the plasma

sheet boundary layer, may indicate a relation to magnetic reconnection in the magnetotail. For

example, a forced one-dimensional current sheet modeled using a hybrid simulation has been

shown to radiate incompressible Alfvrn waves [Pritchett and CoronitL 1993]. Another

possibility is that shear Alfvrn waves are excited at the inner magnetotail boundary between cold

and hot plasmas [Lee et al., 2000]. The formation of the energetic earthward streaming ion

beams in the PSBL is not well understood, with reconnection and non-adiabatic particle motion

being possibilities [Lyons and Speiser, 1982; Schindler and Birn, 1987; Ashour-Abdalla et al.,

1991]. The appearance of the energetic PSBL beams during times of high magnetic activity

might be related to a large parallel electric field that can form for highly disturbed

magnetospheric conditions [Siscoe et al., 2001]. Another unresolved problem is how these
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driversarereconciledwith theglobalcurrentsystem.Theseimportantglobalissuesthatmustbe

consideredto ultimatelyunderstandthecausesof theaurora.
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Conjunction Field Aligned Acceleration Magnetotail Driver

Date/Time (UT) Electrons UFIB UFE Alfv6n Waves PSBL Beam

Jun 9, 1997 04:32

Jul 20, 1997 16:24

Jul 22, 1997 15:21

Jul 24, 1997 20:40

Jul 26, 1997 14:25

Jul 26, 1997 16:45

Aug 3, 1997 17:46

1 keV

.1-1. keV

.1-1. keV

.1-1. keV

.1-1. keV

1-1. keV

1 keV 1 keV

.1-1. keV

X

X

X

lkeV -0.1keV -0.1keY X X

FAC

X !

X

X

X

X

X

X

Table 1. Presented here is a list of FAST/Polar auroral conjunction events. Electron field-

aligned acceleration measured by the FAST satellite is earthward directed in all cases. UFIB

stands for upflowing ion beams (away from the Earth) and UFE is for upflowing electrons, both

as measured by Polar. Alfv6n waves and PSBL beams are earthward directed from the

magnetotail, and FAC is field-aligned current, usually in the tailward directed sense. All

magnetotail drivers are observed by the Polar satellite.
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Figure 1. Projection of FAST and Polar satellite tracks onto the Earth's North Pole on June 9,

1997. The long red line is the track of FAST from about 04:15 UT to 04:40 UT. The shorter

white (surrounded by blue) line in the bottom left quadrant shows Polar from about 04:00 UT

to 05:00 UT. The green ovals show the nominal auroral zone and the yellow curve shows the

nominal terminator. An auroral conjunction event occurs at about 04:32 UT, when the FAST

(red) and Polar (white) paths cross. This plot was adapted from the website at

httE:![te_ams-spasci:com/c_gnjurlctions.html , which was produced using software

modified by Karl Heinz Trattner at Lockheed.

Figure 2. Schematic diagram showing the relative positions of the FAST and Polar satellites in

the GSM x-z plane near conjunction. The Earth is at the lower left and the thin black lines

show the mapping of auroral latitude magnetic field lines from the Earth towards the

magnetotail. The thicker black line shows the approximate location of the most poleward

last closed field line. Due the converging of the magnetic field and the satellite speeds,

FAST moves through the auroral region much quicker than Polar.

Figure 3. Data from the FAST satellite during an auroral conjunction event on July 20, 1997.

The top panel shows electron energy spectra (in eV); the middle panel shows electron pitch

angle with 0 ° corresponding to the earthward direction and 180 ° away from the Earth; the

bottom panel shows the magnetic field components (in nT) in the east-west direction (green e

trace), the field-aligned direction (blue b trace) and the direction transverse to e and b (red o

trace). Earthward directed electron flux events are evident between about 16:23 and 16:25
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UT as a series of red bursts at 0° pitch angle in the second panel. The energies of these

earthward directed bursts is between about 100 and 1000 eV as seen in the top panel.

Figure 4. FAST data is shown for the auroral conjunction event on June 9, 1997. The format is

the same as figure 3 showing electron energy and pitch angle in the top two panels and the

magnetic field in the bottom panel with the field-aligned component (b) in blue, the east-west

component (e) in green and the component transverse to these two components (o) in red.

For this event FAST, going from high to lower latitudes crosses from the polar cap into the

auroral region at about 04:31:30 UT as evidenced by the sudden appearance of high energy

electrons (top panel) and the change in the east-west magnetic deflection (green line, bottom

panel). From 04:31:30 UT until about 04:32:45 UT, FAST passes through a region of net

field-aligned current pointing tailward (labeled FAC-) consistent with a region 1 current on

the dusk side. After 04:32:45 UT, FAST then goes through a gradual region of return current

(labeled FAC+). Bursts of field-aligned energized electrons occur intermittently when FAST

is in the auroral zone as seen by the (red) peaks in 0 ° pitch angle in the middle panel.

Figure 5. Electron distribution function taken for the conjunction event shown in the previous

figure for June 9, 1997 at around 04:32 UT. Velocity space contours are shown with the

perpendicular velocity being along the vertical axis in km/s and the parallel velocity along

the horizontal axis (also in km/s). The contours are elongated in the positive parallel

direction, which corresponds to the direction towards the Earth, indicating there is a net

earthward flux of electrons. Such a feature appears as a peak in 0 ° pitch angle seen in the

middle panel of figure 4.

Figure 6. Data from the MFE magnetic field instrument (courtesy of C. Russell) and from the

EFI electric field inst_ment (courtesy of F. Mozer) on the Polar satellite are shown for the
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timeinterval from 04:20to 04:40UT onJune9, 1997. On thetop paneltheBx(blue line), By

(red line), Bz (green line) magnetic field components in GSM coordinates are shown where

the field is subtracted from the Tsyganenko and Stern [1996] field model. The bottom panel

shows the Ez electric field component in GSE coordinates. When the Polar satellite crosses

from the polar cap (open field lines) into the near-Earth plasma sheet at about 04:23 UT,

there are large fluctuations in both the magnetic and electric fields associated with a large

amplitude Alfvrn wave (labeled AW above the top panel). After about 04:25 UT, dB× (blue

line) strongly decreases which indicates the satellite is passing through a region of field-

aligned current directed tailward (FAC-) associated with a region 1 current. A modest

increase in dB× after about 04:28 UT implies the satellite is going through the return current

region, which is directed earthward (labeled FAC+).

Figure 7. Polar particle data from the Hydra instrument is shown for the auroral conjunction

event on June 9, 1997. The top two panels show electron data with the top panel the energy

spectra (in eV) and the second panel the skew. The bottom two panels show the same

quantities for ions. The skew is the difference in count rate between the field-aligned and the

anti-field-aligned particles. It is normalized to the one sigma error and thus gives a sense of

the net field-aligned flow either towards the Earth (yellow-red) or away from the Earth

(green-blue). Ion flow away from the Earth is seen in the bottom panel as dark blue regions at

about 1 keV from about 04:26 UT to 04:28 UT and again from about 04:31 UT to about

04:34 UT. At higher energies (> 10 keV) there are indications of an earthward ion flow

(yellow) also seen in the bottom panel. Tailward directed electron flow can be seen as a

darker blue region near 04:35 UT in the second panel.
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Figure 8. Ion distribution functions from the Hydra instrument are shown at two different times

at 04:32 UT on the left and 04:35 UT on the right for the June 9, 1997 event. Perpendicular

velocity (to the ambient magnetic field) is along the vertical direction and parallel velocity is

along the horizontal direction. The left panel shows ionospheric oxygen ions streaming

tailward away from the Earth at about -100 km/s. The right panel shows a kidney bean

shaped PSBL hydrogen ion beam of magnetotail origin at about 600 km/s streaming

earthward.

Figure 9. Ion data from the CEPPAD instrument onboard Polar is shown at about 04:32 UT for

the June 9, 1997 event. Count rate versus pitch angle is shown where 0 ° is towards the Earth

and 180 ° is away from the Earth. Data in this figure is taken from the 35.4 keV energy

channel. Peaks in the count rate occur when the pitch angle is field-aligned towards the

Earth (0°), and minima tend to occur in the anti-earthward direction (180°). This trend is also

present in other energy channels from about 15 keV to about 65 keV, with a peak in the 35

and 45 keV energy channels.

Figure 10. Data from the I.JVI instrument on the Polar satellite (courtesy of G. Parks) is shown

for the June 9, 1997 conjunction event at 04:32 UT. Auroral enhancements can be seen

between about 60 ° and 70 ° latitude. The FAST/Polar conjunction field is mapped to the point

on the Earth indicated by the X, near about 70 ° latitude and 20 MLT.

Figure 11. Ion phase space snapshots at two different times are shown from an auroral

simulation in which an ion beam is injected into the system. Velocity normalized to ion

thermal velocity is shown versus position along the simulation system, which is along the

terrestrial magnetic field. The horizontal axis has been normalized to kilometers and

represents altitude above the Earth. The black line across the system shows the self-
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consistentlygeneratedelectrostaticpotentialin kilovolts. In eachpaneltheEarthis to the left

andthemagnetotailis to theright. Theinitial conditionat t -- 0 is shown in the left panel and

the PSBL warm ion beam can be seen flowing from right to left (toward the Earth). As time

proceeds in the simulation, the ion beam mirrors at a lower altitude than the PSBL electrons,

leading to a quasi-static - 2.5 kV potential drop across the system above 6000 km seen in the

right panel which shows results near the end of the run. This potential drop corresponds to a

parallel electric field pointing away from the Earth over an altitude range of several thousand

kilometers.

Figure 12. Electron and ion distribution functions from the simulation run shown in the

previous figure are presented. The electron distribution function on the left is shown at lower

altitudes in the simulation system binned between 1000 km and 3500 km. The ion

distribution on the right is shown for a spatial bin between 5000 km and 9000 km. In both

panels the dotted line shows the initial distribution function for reference. For the low

altitude electrons (left panel), a high-energy tail of particles streaming earthward (negative

velocities) is created by the quasi-static parallel electric field that forms. The higher altitude

ions (right panel) are accelerated away from the Earth by the quasi-static parallel electric

field creating a beam-like distribution function at positive velocities.
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